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INTRODUCTION 


The loading of cryogenic propellants into the Space Shuttle Ex- 
ternal Tank (ET) may result in the formation of ice on its surface. 

Such ice formation poses a potential threat to the Thermal Protec- 
tion System (TPS) tiles of the Shuttle Orbiter as a substantial num- 
ber of chunks of ice may be dislodged on liftoff, impact the tiles 
and damage them. It is therefore desirable to prevent the formation 
of ice on the surface of the external tank. 

It has been proposed that such formation can be prevented by us- 
ing turbojet engines exhausts. The jet exhausts would be arranged 
in such a way that they would generate a temperature and velocity field 
such that the heat transfer coefficient on the surface of the ET would 
be sufficient to prevent ice formation. 

The main objective of the research program carried out at Texas 
A&M was to establish the effectiveness of the jet exhaust arrangement 
proposed by Norman Engineering Company in generating such a flow field. 
A secondary objective was the study of similar arrangement proposed 
by the Marshall Space Flight Center for the same purpose. 

RESEARCH PROGRAM 

The research Involved In the evaluation of the Ice Suppression 
System (ISS) was carried out in two phases. Phase I Involved the 
preliminary analytical considerations needed to establish a successful 
experimental program, as well as the experimental investigation of 
the flow field for the desired configurations In the absence of wind 
effects. Phase II was a wind tunnel test program using the information 



acquired in Phase I to determine the effect of different wind condi- 
tions on ISS performance. 

ISS CONFIGURATIONS 

Three different configurations (or arrangements) were studied 
in this program. They will be referred to in the test as the Nomi- 
nal, Variable size nozzle array and Marshall configurations. 

Nominal Configuration 

The nominal nozzle configuration used the geometrical arrange- 
ment proposed by Norman Engineering in its Concept Summary Report, 
Volume I, Figure A-4. It is characteristic of this configcration 
that all twelve nozzles used at the same time are the same size. 

Three sets of converging nozzles were considered to study nozzle 
size effects. They were: 

Large: 1.698 ft. diameter 

Nominal: 1.104 ft. diameter 

Small: 0.770 ft. diameter 

It is necessary, then, to specify nozzle size when referring to the 
Nominal configuration. 

Variable Size Nozzle Array Configuration 

This configuration differs from the Nominal only in that differ- 
ent nozzle sizes are used simultaneously, nozzle size arrangement 
was as follows: 

Small Nozzle Size: Lower three locations on each tower (1, 2, 3 

and 1A, 2A and 3 as shown in Figure 1). 

Nominal Nozzle Size: Nozzles No. 4 and 5 on each tower. 

Large Nozzle Size: Nozzle No. 6 on each tower. 




Marshall Space FI ight Center Configuration 

The Marshall configuration involves the use of four vertical 
jets mounted on the surface of mobile launch platform (MLP) on a 
circle, at 90° intervals as shown in Figure 2. Tests were conducted 
for two nozzle sizes and conditions: 3.0 ft. diameter and 217 lbm/ 
sec. per jet and 1.7 ft. diameter and 82 lbm/sec. per jet. 

TEST CONDITIONS 

Model Details 

Using detailed drawings provided by NASA and Rockwell Interna- 
tional, a detailed 2% replica of all relevant structural features 
of KSC Launch Complex 39A was designed and built. At the same time 
the necessary hardware was fabricated to incorporate scaled down ISS's 
as proposed by Norman Engineering and MSFC. 

Two different shuttle models were used for testing. A high fi- 
delity 2 % STS wind tunnel model was instrumented with 119 pressure 
ports and used for pressure and velocity measurements. For the pur- 
poses of flow visualization a second model was built incorporating 
all ET details relevant to a successful simulation. Both the plan- 
form and underside contour of the orbiter were reproduced. 

Mind Velocity Profile 

A "1/7" power law wind velocity profile representing the Earth's 
boundary layer was used. Wind tunnel flow was "tailored" by using 
a "fence" with various rods to produce a scaled velocity profile 
matching the velocity-height relationship for the launch .ite. The 
wind velocity profile was substantiated through the use of a verti- 
cally traversing pitot-static probe, and is presented in Fig. 3. 
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A range of dynamic pressures representing ground winds ranging 
from 7 to 30 knots at a full scale height of 30 feet was used. 

Wind Direction 

Different wind directions were simulated by rotating the Pad 
complex and Shuttle model around the ET centerline. The predominant 
winter wind direction (333°) and summer directions (202° and 112°) 
were studied. 

Other Variabl es 

The Norman Engineering design has the capability of improving 
wind penetration by altering nozzle pressure and azimuth angle. The 
test model used also possessed this capability and therefore, tests 
were made at different pressures and nozzle azimuth angles. Tests 
were conducted for three nozzle stagnation pressures: 32, 27 and 

20 psia. The nozzle azimuth angle was varied as much as 30° from 
the 0° position as shown in Figure 1. 

SC ALING LAWS 

The objective of this wind tunnel program was the simulation of 
the velocity field around the Shuttle Launch configurations and eval- 
uations of jet planes interaction with different wind direction; no 
heat transfer measurements were to be made. 

The minimum distance between the nozzle exit and the ET center- 
line is always 60 diameters or more for the Norman Engineering design; 
thereby alleviating the requirement for a detailed simulation of the 
near field. The velocity field will be similar to that of the full 
scale configuration, if the momentum of the jets is properly scaled. 
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The momentum at the nozzle of the jet can be written as 


A A A 

Mom. = £ / pV 2 dA = i M 2 KRT dA = | j pM 2 dA 


If and M„ are the valuer of p and M avc-'aged over A then 
e e 


Mom. = | p e M e 2 A 

If the flow is choked M g * 1 thereby reducing relations to 

p 

Mom. = 4 P„ ■— A s 0.528 £ p. A 
2 o p„ c r o 

o 

where p Q is the stagnation pressure. If the flow is subsonic Mach 
number becomes dependent on pressure ratios yielding 



f(P 0 ) 


and Mom. = | p Q f(p Q )A 

As it can be seen, to scale momentum all that needs to be done is 
to scale the physical dimensions of the nozzle linearly while keep- 
ing the stagnation pressure unchanged. On the other hand, the cen- 
terline velocity of a jet decays with distance according to the for- 
mula 


where: 



x 


U CL Constant 

07 -- 773 — 

is the velocity at the centerline of the jet; 
is the velocity at the nozzle exit; 
is the diameter of the nozzle; 

is the distance from the nozzle exit along the jet cen- 
terline. 
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Since nozzle diameter scales linearly as It was seen above, the 
only other requirement to adequately simulate the jet flow field Is 
to scale all other dimensions linearly as well. 

The flow field to be imulated is highly turbulent. A linear 
scaling of the type mentioned abcve will also result in an adequate 
simulation of both the turbulent lenqth scale and turbulence level 
of the flow field. 

This is based on the fact that the turbulent length scale is 
a function of nozzle diameter while turbulence intensity is only 
a function of the ratio x/d. 

It should be noted that the additional turbulence generated 
by the interaction of the jets is such that flow field properties 
are basically independent of Reynolds number. 

This is indeed fortunate since adequate simulation of jet-wind 
interaction requires that the ratios of wind velocity to jet velo- 
city rena.n fixed and thus condition makes a Reynolds number simu- 
lation between model and full scale impossible. 

For the purposes of the tests carried out in this research pro- 
gram this is of no consequence since the measurements made and the 
phenomena studied are basically Reynolds number independent. The 
flow field under study, as indicated above, is inherently highly 
turbulent. 
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EXPERIMENTAL PROGRAM 


Three different techniques were used for the investigation of 
the flow field around the Pad complex and the Shuttle model: 

Flow Vi sua lization techniques were used to provide a qualita- 
tive picture of the flow field around the ET and Orbiter underside. 

An adequate number of test conditions were studied to provide infor- 
mation on the influence of the different test parameters on flow 
field patterns. 

Pressure Measurements were made on the ET surface to provide 
quantitative information on the influence of test parameters on the 
pressure field around the ET. Such information may be useful in study- 
ing trends and establishing the effects of different parameters. 

Hot Film measurements of velocity, turbulence level and temper- 
ature were made. These measurements can provide direct confirmation 
of the high level of turbulence that is expected in this type of flow 
field. The velocity measurements, even though not accurate in many 
cases due to the high levels of turbulence, provide an indication of 
the magnitude of the velocity and may be used to study trends and the 
effects of different test parameters. Temperature measurements should 
provide useful information for heat transfer studies. 

FLOW VISUALIZATION STUDIES 

Flow visualization studies were carried out both in the lab and 
in the wind tunnel. Much of the preliminary lab activity Involved 
the development of an effective testing procedure and the prepara- 
tion of a flow visualization liquid suitable for the range of velo- 
cities predominant in the tests. 



After numerous tries with different liquids and dyes it was de- 
cided that a mixture of black tempra paint and kerosene gave best 
results. An added advantage of this mixture was its easy manufac- 
turing and handling. Its viscosity can be controlled by the addi- 
tion of kerosene or paint. White lacquer paint was used to paint 
the flow visualization model. This type of paint was used for two 
reasons: 

a) It is not affected by kerosene and 

b) The mixture could be easily wiped off after a test, providing 
quick turn-around times. 

The region of the ET facing the Orbiter was one of the key areas 
to be investigated. For this purpose, a method of removing and in- 
stalling the Orbiter quickly was devised. 

Suitable photographic procedures were also devised in order to 
provide good quality photographs. It is important to note that space 
limitations and lighting conditions made the task very difficult in- 
side the wind tunnel test section; nevertheless, excellent quality 
photographs were obtained. 

Procedure 

The first step on a normal test run involved "painting" the Shut- 
tle Launch Configuration with the flow visualization mixture, which 
had previously been checked for viscosity. Last part cf this step 
was the "painting" of the Orbiter underside and the mounting of the 
Orbiter on the CT. Wind tunnel and jet flow were started immediately 
after this to prevent the mixture from drying up on the model. The 
tests were run for times long enough to establish a steady flow field 
pattern and blow off all excess liquid. The mixture had a tendency 




, / y 

? 

to accumulate on the ET ogive so it was important to wait for most 
( of the accumulated liquid to blow off as, upon shutting down jets 

and tunnel, this liquid would flow back down due to gravity and it 
would smear the flow field patterns on the ET. 

? As soon as the tunnel and jets were shut down, the Orbiter was 

removed from the ET and the photographer proceeded to photograph the 
flow patterns on both sides of the ET before any significant back- 
} flow took place. The last task of a run was the cleaning and prep- 

aration of the model for the next run. 

Cases Studied 

if A total of 38 tests were made to study the influence of four 

parameters: wind direction, wind velocity, nozzle pressure and noz- 
zle azimuth angle on the flow field patterns generated by the three 
r 

i ? ISS configurations. Tables 1, 2, 3 and 4 show all the parameters 

.*■ 

I pertinent to the tests. As can be seen the range of the parameters 

* 

4 tested was as follows: 

? : Wind Direction: 112°, 202° and 338° 

‘ Wind Velocity: 0, 7, 10, 20 and 30 knots 

' Nozzle Pressure: 0, 20, 27 and 32 psia 

^ Nozzle Azimuth Angle: 0°, -15° and -30° 

It was not possible to run all possible combinations of the above 
mentioned parameters, so the most significant combinations were run 
}’ in such a way that the influence of each parameter could be studied 

independently. The influence of different parameters be invest- 
igated by studying the following groups of runs: 
t 




Nominal Arrangem ent 

I) Nozzle size influence, no wind 

Runs A, B and C or D, E and F or G, H and I 

I I ) Nozzle pres sure influence, no wind 

Runs A, D and G or B, E and F or C, F and I. 

Ill) Mind d i rection effect at 20 KT 
Runs 13, 14 and 17 
iV) Wind vecolity effects at 112° 

Runs 1, 8 and 19 

V) Wind velocity effects at 202° 

Runs 2, 15 and 16 

VI) Wind velocity effects at 338° 

Runs 3, 4 and 5 

VII) Nozzle pressure effects a t 20 KT an d 338° 

Runs 3, 6 and 7 

VIII) Nozzle azimuth angle effects at 20 KT and 338° 
Runs 3, 8 and 9 

IX) Wind velocity/Azimuth angle interaction 
Runs 9 and 10 

X) Influenc e of nozzle pressure on wind penetratio n 
Runs 10, 11 and 12 

Mars hall Spac e Flight Center Configuration 
I) Flowrate effect s, no wind 
Runs 44 and 47 

II) Wind velocity effects at high flowrate 
Runs 44, 45 and 46 
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Variable Nozzle Size Configurat ion 
I) Nozzle pressure effects, no wind 
Runs 48, 49 and 50 

II) Influence of nozzle pr es sure o n wind penetration 
Runs 51, 52 and 53 

ET SURFACE PRESSURE MEASUREMENTS 

A total of 54 wind tunnel test runs were made for the purpose 
of determining ET surface pressure in a wide variety of test condi- 
tions. All three nozzle arrangements were studied. The main purpose 
of the pressure surveys was the determination of stagnant or separated 
flow regions, and the stud} of the different test parameters on the 
ET pressure field. 

Procedure 

As previously mentioned a total of 119 pressure taps were instal- 
led on the ET surface. Figures 4 and 6 show both the details 
of the simulated ET surface and the location of all pressure taps 
located in the surface of the ET facing the Orbiter. Each tap was 
connected to one of three scani valves mou.ited Inside the ET. Each 
scanivalve was capable of handling 48 different pressure ports. 

This capability allowed the use of five ports on each scanivalve to 
provide reference and calibration pressures. Pressure ports 0, 23 
and 47 were used for the reference pressure and ports 1 and 24 were 
supplied with a calibration pressure. Each scanivalve was connected 
to a pressure transducer providing a voltage proportional to the dif- 
ference between the pressure to be measured and the reference pres- 
sure. The test section of the wind tunnel is kept at atmospheric 
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Figure 4. E.T. Pressure Tap Locations 
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Figure 5 . Space Shuttle/Pad Coordinate Systea 










pressure by vents located throughout the test section. Atmospheric 
pressure was therefore used as reference pressure for all tests. 

The processes associated with scanivalve control and pressure measure- 
ment were fully automated. A Perkin-Elmer comput 'was used to drive 
the scanivalves, stepping all three simultaneously. The computer 
also records the pressures before stepping to the next set of ports. 

For each port, 100 pressure samples are taken at 4 mil i second inter- 
vals and the average value is calculated and stored. 

The pressure transducers were calibrated at least daily, the 
calibration being rejected of an error <„/ 1 % or larger was found at 
any of the calibration points. Pressure readings were accurate to 
0.05 psf. Calibration was checkrj before each test run and the trans- 
ducers recalibrated if necessary. 

A test run was initiated by measuring and recording pressures 
at all ports with no wind in the tunnel. After calibration was checked 
the wind tunnel was started. Once steady conditions were established, 
pressures at all ports were taken and recorded. The tunnel was then 
shut off, wind-off pressures were again recorded and calibrations 
checked. 

Cases Studied 

The 54 pressure test runs made in the wind tunnel covered the 
same range of parameter values as the flow visualization runs. The 
influence of one additional parameter, nozzle size, was studied for 
the nominal configuration. Tables 5, 6 and 7 list all the cases run 
and their identifying parameters. 

Pressure data is presented in this report as plots of differen- 
tial pressure vs. location. As previously done for the flow visualization 
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data, the runs have been organized in groups designed to show the 
influence of a certain parameter. In this manner, pressure data is 
presented in groups of runs, each group of runs consisting of eight 
different plots showing the values of the pressure at different lo- 
cations of the CT. The groups were organized as follows: 

Nominal C onfiguration 

I) Influence of nozzle size, no wind 
Runs 11, 12.1 and 13 

II) Influence of nozzle size on wind penetration 
Runs 7, 9.1, 5 and 8 

III) Influence of nozzle pressure on wind penetration 
Runs 6.1, 6.2 and 6.3 

IV) Wind velocity e f fects at 338° 

Runs 12.1, 3, 1 and 2 

V) Nozzle p res sure effects, no wind 
Runs 12.1, 12.2 and 12.3 

VI) W ind velocity effects at 112° 

Runs 12.1, 17.1, 17.2, 17.3 and 17.4 

VII) Wind velocity effects at 202° 

Runs 12.1, 14, 16.1, 15 and 16.2 

VIII) Wind velocity effects on wind penetratio n 
Rtns 5 and 6.1 

IX) Nozzle azimuth angle effects 
Runs 1.1, 4 and 5 

Variable Nozzle Size Configuration 

X) N ozzle pressure effects 
Runs 28.1, 28.2 and 28.3 
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XI) Noz zle azimuth ang le effects 
Runs 28.1, 29.1 and 30.1 

XII) Influence of nozzle pressure on wind penetration for a -15° noz- 
zle azimuth angle 
Runs 29.1, 29.2 and 29.3 

XIII) Influence of noz zl e pressure on wind penetrati on f or a -30° noz - 
zle azimuth angle 
Runs 30.1, 30.2 and 30.3 

Marshall Space Flight Center Configuration 

XIV) Wind velocity effects at 0°, low flowrate 
Runs 33.1 and 33.2 

XV) Wind velocity effects at 338°, low flowrate 
Runs 34.1 and 34.2 

XVI) Wind velocity effects at 180°, lo w flowrate 
Runs 35.1 and 35.2 

XVII) Wind velo ci ty effects at 90°, low flowrate 
Runs 36.1 and 36.2 

XVIII) Wind velocity effects at 90°, high flow rate 
Runs 37.1 and 37.2 

XIX) Wind velocity effects at 180°, high flowrate 
Runs 38.1 and 38.2 

XX) Wind v el ocity effects at 338°, high flowrate 
Runs 39.1 and 39.2 

XXI) Wind velocity effects at 0°, high flowrate 
Runs 40.1 and 40.2 

XXII) F lowrate effects at 7 KT 
Runs 34.1 and 39.1 
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XXIII) Flowrate effects at 20 KT 
Runs 34.2 and 39.2 

XXIV) Wind direction effects at 7 KT, low flowrate 
Runs 33.1, 36.1, 35.1 and 34.1 

XXV) Wind direction effects at 7 KT, high flowrate 
Runs 40.1, 37.1, 38.1 and 39.1 

XXVI) Wind di re ction effects at 20 KT, low flowrate 
Runs 33.2, 36.2, 35.2 and 34.2 
XXVII) Wind direction effects at 20 KT, high flowrate 
Runs 40.2, 37.2, 38.2 and 39.2 
XXVIII) Flowrate effects, no wind 
Runs 32.1 and 32.2 

The eight plots included in each group present data for the follow- 
ing locations: 

Plot No. 1. Centerline (0=0) 

Plot No. 2. Axial data for e = 40° and 45° 

Plot No. 3. Axial data for 9 = -40° and -45° 

Plot No. 4. Circumferential data for Xy = >93 

Plot No. 5. Circumferential data for Xy = 1273 

Plot No. 6. Circumferential data for Xy = 1669 

Plot No. 7. Limited Circumferential data for Xy = 1933 

Plot No. 8. Limited Circumferential data for the ogive at X T = 427 

and Xy = 514 

In addition to all the above mentioned groups, two additional groups 
of data are also presented: 

- Axial pressure data for three circumferential locations close 
to the feedline, for all runs 
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- Base pressure data for all Marshall Configuration runs. 


H0T_F ILM MEAS UREMENTS 

Hot film techniques were used to probe the velocity and temper- 
ature fields around the ET. The geometry of the Launch/Pad Shuttle 
models and the need to make both axial and circumferential surveys 
made it necessary to probe the flow field from the top of the wind 
tunnel. Therefore, a suitable probing system had to be developed. 

Temperature and velocity measurements were made using a TSI 
Model 1054B constant temperature amemometer with a model 1040 Temp- 
erature Switching Module. A Model 1210-20 hot film probe was used 
as a sensor. 

Only the component of the velocity parallel to the ET surface 
was measured. Centerline measurements were taken at a distance 0.425 
inches from the ET surface approximately. All other measurements 
were made at a distance of 0.090 inches from the ET surface approxi- 
mately. 

It must be noted that the flow field was highly turbulent in 
the areas affected by jet impingement, particularly the ET-Orbiter 
gap. Turbulence levels were, in many cases, above 50% and in gen- 
eral, well above 20%. It is impossible to adequately correct the 
time-averaged velocity values obtained with the hot film for the ef- 
fects of this high level of turbulence. No attempt has been made 
here to provide such a correction and therefore it should be noted 
that the data here p resented has not been corrected for turbulen ce 
effects. 



Procedur e 

Routine ' ot film operating procedures were used throughout the 
tests. Hot film probes were calibrated before testing began and the 
calibration checked once it ended. No significant discrepancies were 
found. Probe location for these measurements was chosen to coincide 
with pressure tap locations whenever possible so that pressure-velo- 
city correlations could be made. 

The probe was positioned marually at the desired location and 
after a suitable time velocity, turbulence and temperature were meas- 
ured and recorded using a 4 channel digital voltmeter. 

Cases Studied 

The process of manually locating the probe was delicate and time 
consuming, therefore only a limited number of tests were run. For 
the Nominal Configuration the 338° and 112° cases were studied. For 
the Marshall Space Flight Center Configuration the 0° wind direction 
at 20 knots were studied for the high flowrate condition. 

HEAT TRANSFER ANALYSIS 

It is obvious that the determination of the heat transfer co- 
efficient for such a complex flow field as the one generated by the 
proposed Norman Engineering ISS is far from trivial. Due to the geo- 
metric complexity and the highly interactive flow field created by 
the jets and the prevailing wind there seems to be no analytical or 
experimental work readily applicable to the problem. 

Bearing this in mind, it is clear that any analysis should b< 
of a highly simplified nature while, at the same time, providing us 
with reasonable results. 
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Previous work by Norman Engineering had considered the problem 
from the point of view of forced convection around circular cylinders. 
It was felt that the present analysis should try to study the prob- 
lem from a different perspective and avoid duplicating Norman Engi- 
neering's work. 

The basic heat transfer mechanism arising from Norman Engineering 
concept is that of jet impingement. It seems then natural to try and 
use available jet impingement heat transfer data to the problem at 
hand and obtain from it an estimate of the heat transfer coefficient. 

The utilization of this approach required the following simpli- 
fications: 

a' The effects of the incoming wind are not considered. This 
implies that th^ system is capable of penetrating low velo- 
city winds. In most cases this simplification will lead to 
conservative values of the heat transfer coefficient. 

b) The jets do not interact with each other before impingement. 
This assumption allows the independent study of each jet and 
should yield conservative estimates of the heat transfer co- 
efficient. 

Flow visualization photographs show that. In the absence of wind, 
the surface of the ET facing the Orbiter is washed by the jet plumes, 
the regions affected by each jet being readily distinguishable. In 
the following, two different procedures will be used to estimate the 
impingement heat transfer in those regions. 

I. The heat transfer rates of a jet impinging normal to a flat, 
plate were studied by Donaldson, et al.(l). A wide range of nozzle 
exit velocities and impact distances were studied. Their results 
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are applicable to the present study if we consider the curvature ef- 
fects of secondary importance and if we are only interested on the 
mean value of the heat transfer coefficient (Korger and Krizek (2) 
showed that the integral mean heat transfer coefficient is indepen- 
dent of impact angle). 

The experimental results presented in Reference 1 were applied 
to the case corresponding to the maximum cruise thrust setting of 
the turbojet engines. Such condition is equivalent to a stagnation 
pressure setting of 35.2 psia and a nozzle exit temperature of 1340°R. 

Under these conditions the heat transfer coefficient for all 
points located at a distance of 27 feet from the impingement point 
of the jet exhausting from nozzle No. 1 (i.e., the one for which im- 
pingement distance is the shortest) was calculated to be 16.55 ^ dp-f t z 
The heat transfer coefficient for all points located at a distance 
of 41 feet from the impingement point of the jet exhausting from noz- 
zle No. 6 (i.e., the one for which impingement distance is the lar- 

DTI I 

gest) was calculated to be 10.9 o p . 

The nature of impingement heat transfer processes is such that 
all points located at shorter distances from the impingement point 
will benefit from higher heat transfer rates. 

II. Martin (3) used the impingement heat transfer measurements 
of Gardon and Cobonpue (4), Petzold (5), Brdlick anH Savin (6) and 
Smirnow et al . (7) to obtain the following correlation for the integ- 
ral mean values cf the heat transfer coefficient for single round 
nozzles: 


N u _ D 1-l.lD/r 
rO? ‘ r l+0.j(H/D-6)D/r 
r 


F(Re) 


% 


29 


where: D is the nozzle diameter 

r is the radial distance from the impingement point 

H is the impingement distance 

F(Re) is a function of the Reynolds number. 

For the Reynolds number range 120,000<Re<400,000 the value of 
F(Re) is 

F(Re) = 0.151 Re 0,775 

Unfortunately the Reynolds number for our problem is one order 
of magnitude above the range covered by this formula. Vile can, how- 
ever, use this correlation while keeping in mind that it will yield 
conservative values for the mean heat transfer coefficient. Use of 
this correlation to evaluate the mean heat transfer coefficient for 
of 27 ft. radius and with center at the inpingement point of jet 
No. 1 yields: 

" ■ 10 * 9 W *F ft 2 


The mean value of the heat transfer coefficient for a circle of 41 
ft. radius and centered at the point of impingement of jet No. 6 was 
determined to be 


F = 


7.23 


BTU 

FrT f t 2 


The agreement of the two methods used in these calculations is 
quite reasonable if we consider that the first one uses far field 
values for the determination of h, while the second one uses only 
nozzle exit data and that beforehand we expected the second method 
to yield conservative values for F. 

Conclusion 

The results of the preceeding analysis seem to indicate that 
the design proposed by Norman Engineering Co. should be capable of 
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generating values of the heat transfer coefficient for most of the 
ET facing the Orbiter above 4 BTU/hr ft 2 °F. The presence of wind 
should, in almost all cases, contribute to higher values of the co- 
efficient of heat transfer. While the existence of small regions 
of low heat transfer due to stagnant or separated flow is possible, 
such regions could easily be eliminated by a cyclic variation of jet 
incidence angle. The implementation of such a system should be strongly 
considered. 
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FLOW VISUALIZATION 
NOMINAL NOZZLE CONFIGURATION 
NO WIND, ZERO AZIMUTH ANGLE 



LAB RUNS 


RUN 

PRESSURE (psia) 

NOZZLE SIZE 

A 

32 

Nominal 

B 

32 

Large 

C 

32 

Small 

D 

27 

Nominal 

E 

27 

Largs 

F 

27 

Small 

G 

20 

Nominal 

H 

20 

Large 

I 

20 

Small 


» 


I 


TABLE 1 


33 


* 



♦ 



FLOW VISUALIZATION 


NOMINAL NOZZLE CONFIGURATION 

V = Velocity (KNOTS) p = pressure (psia) <P = azimuth (°) 6 = WIND ANGLE (°) 


RUN 

V 

P 

* 

8 

3 

20 

32 

0 

338 

4 

30 

32 

0 

338 

5 

10 

32 

0 

338 

6 

20 

20 

0 

338 

7 

20 

27 

0 

338 

8 

20 

32 

-15 

338 

9 

20 

32 

-30 

338 

10 

30 

32 

-30 

338 

11 

30 

27 

-30 

338 

12 

30 

20 

-30 

338 

13 

20 

0 

/ 

338 

2 

20 

32 

0 

202 

14 

20 

0 

/ 

202 

15 

30 

32 

0 

202 

16 

10 

32 

0 

202 

1 

20 

32 

0 

112 

17 

20 

0 

/ 

112 

18 

30 

32 

0 

112 

19 

10 

32 

0 

112 


TABLE 2 
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FLOW VISUALIZATION 
VARIABLE NOZZLE SIZE CONFIGURATION 
V = Velocity (KNOTS) p = Pressure (psia) 

<|> = Azimuth (°) 6 = Wind Ar.gle (°) 

Nozzle Arrang.: Lower 3, Small; Middle 2, Norn.; Upper, Large 


RUN 

V 

P 

6 

4 

48 

0 

32 

/ 

/ 

49 

0 

27 

/ 

/ 

50 

0 

20 

/ 

/ 

51 

20 

32 

338 

-30 

52 

20 

27 

338 

-30 

52 

20 

20 

338 

-30 


TABLE 3 
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FLOW VISUALIZATION 


MARSHALL SPACE FLIGHT CENTER CONFIuURATION 
V = Velocity (KNOTS) 

B = Wind Angle (°) 

Flowrate: H (High), L (Low) 

RUN V Flowrate B 

44 0 H / 

45 7 H 338 

46 20 H 338 

47 0 L / 


TABLE 4 
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PRESSURE MEASUREMENTS 
NOMINAL NOZZLE CONFIGURATION 
V = Velocity (KNOTS) p = Pressure (psia) 

<p = Azimuth (°) 6 = Wind Angle (°) 

Nozzle Size: L (Large), N (Nominal), S (Small) 


RUN 

V 

P 

6 

4 > 

Nozzle 

Size 

1 

20 

32 

333 

0 

N 

2 

30 

32 

338 

0 

N 

3 

10 

32 

338 

0 

N 

4 

20 

32 

338 

-15 

N 

5 

20 

32 

338 

-30 

N 

6.1 

30 

32 

338 

-30 

N 

6.2 

30 

27 

338 

-30 

N 

6.3 

30 

20 

338 

-30 

N 

7 

20 

0 

338 

/ 

/ 

8 

20 

32 

338 

-30 

L 

9.1 

20 

32 

338 

-30 

S 

9.2 

20 

27 

338 

-30 

S 


TABLE 5 



PRESSURE MEASUREMENTS 


NOMINAL NOZZLE CONFIGURATION 
V « Velocity (KNOTS) P = Pressure (psia) 


<t> - Azimuth ( 

°) 


a = 

Wind Angle (°) 

Nozzle Size: L 

(Large), 

N (Nominal), S (Small) 

RUN 

V 

P 

8 

♦ 

Nozzle 

Size 

10 

30 

32 

338 

-30 

S 

11 

0 

32 

/ 

0 

S 

12.1 

0 

32 

/ 

0 

N 

12.2 

0 

27 

/ 

0 

N 

12.3 

0 

20 

/ 

0 

N 

13 

0 

32 

/ 

0 

L 

14 

20 

0 

202 

/ 

/ 

15 

20 

32 

202 

0 

N 

16.1 

30 

32 

202 

0 

N 

16.2 

10 

32 

202 

0 

N 

17.1 

20 

0 

112 

/ 

/ 

17.2 

20 

32 

112 

0 

N 

17.3 

30 

32 

112 

0 

N 

17.4 

10 

32 

112 

0 

N 


TABLE 5 (CONTINUED) 



PRESSURE MEASUREMENTS 
VARIABLE NOZZLE SIZE CONFIGURATION 
V= Velocity (KNOTS) p = Pressure (psia) 

4> = Azimuth (°) $ = Wind Angle (°) 

Nozzle Arrang.: Lower 3, Small; Middle 2, Norn.; Upper, Large 


RUN 

V 

P 

3 

♦ 

27(1,2) 

20 

32 

338 

0 

28.1 

20 

32 

338 

0 

28.2 

20 

27 

338 

0 

28.3 

20 

20 

338 

0 

29.1 

20 

32 

338 

-15 

29.2 

20 

27 

338 

-15 

29.3 

20 

20 

338 

-15 

30.1 

20 

32 

338 

-30 

30.2 

20 

27 

338 

-30 

30.3 

20 

20 

338 

-30 


TABLE 6 
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PRESSURE MEASUREMENTS 

MARSHALL SPACE FLIGHT CENTER CONFIGURATION 
V = Velocity (KNOTS) 

P = Wind Angle (°) 

Flowrate: H (High), L (Low) 


RUN 

V 

FLOWRATE 

0 

32.1 

0 

H 

/ 

32.2 

0 

L 

/ 

33.1 

7 

L 

0 

33.2 

20 

L 

0 

34.1 

7 

L 

338 

34.2 

20 

L 

338 

35.1 

7 

L 

180 

35.2 

20 

L 

180 

36.1 

7 

L 

90 

36.2 

20 

L 

90 

37.1 

7 

H 

90 

37.2 

20 

H 

90 

38.1 

7 

H 

180 

38.2 

20 

H 

180 

39.1 

7 

H 

338 

39.2 

20 

H 

338 

40.1 

7 

H 

360 

40.2 

20 

H 

360 


TABLE 7 
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